Abstract. The aim of this study was to evaluate the feasibility and safety of porcine Descemet's membrane (DM) as a carrier for the generation of tissue-engineered corneal endothelium by analyzing porcine endogenous retroviruses (PERVs) and the α-gal epitope. The morphology of porcine and human DM was observed by hematoxylin and eosin staining and scanning electron microscopy. Immunohistochemical staining was used to investigate the location of α-gal epitopes on porcine DM used for xenotransplantation. The porcine DM was treated with ethylene glycol diglycidyl ether (EDGE) for 2 weeks, and then the PERV gene sequences in porcine DM and DM-EDGE were detected by polymerase chain reaction (PCR) and real-time PCR, respectively. The porcine DM had tight basement membrane morphology, which was similar to human DM in terms of thickness. No positive immunohistochemical staining of the α-gal epitope was detected in porcine DM. PERV expression of pol, gag, env-A and env-B was noted in porcine DM, but in DM-EDGE it was completely degraded. Based on structural, immunological and etiological studies, porcine DM may be an ideal and viable carrier for the generation of tissue-engineered corneal endothelium.
Introduction
The corneal endothelium exhibits no regenerative capacity, therefore decompensation of the corneal endothelium induced by a decreased cell density will fail to maintain corneal hydration, thickness and transparency (1) (2) (3) . Once irreversible decompensation of the corneal endothelium occurs, corneal transplantation is required to restore visual function.
Currently, endothelial keratoplasty is the most frequently used surgical treatment for corneal endothelial diseases (4, 5) .
However, low endothelial cell count, possible age-related diseases, cultural, logistical and technical difficulties, long postmortem time and severe damage occurring during the handling of fragile donor corneas affect the availability of donor tissues (6, 7) . These challenges contribute to the global shortage of suitable transplant-grade corneal tissues.
Corneal tissue engineering has recently emerged as a promising option to overcome these challenges. In addition to collagen, gelatin membranes and amniotic membrane, Descemet's membrane (DM) is one of the most effective choices as a natural scaffold for tissue-engineered endothelium, although worldwide demand for human donor corneas far exceeds supply (8) . Compared with other matrices, the porcine cornea appears particularly attractive as a possible scaffold due to its similar anatomic and biomechanical parameters to the human cornea (9) (10) (11) ; in addition, it shows great promise in providing a virtually limitless supply of cells, tissues and organs for a variety of therapeutic procedures.
There are two main obstacles, however, preventing pig-to-human xenotransplantation. One is the immunological hyperacute or delayed rejections induced by xenotransplantation α-gal epitopes (12) (13) (14) (15) , which are expressed in the cell membranes of all mammals except those of humans and Old World monkeys. The other is the transmission of porcine micro-organisms, particularly the infection of porcine endogenous retroviruses (PERVs) to the human xenotransplantation recipient (16, 17) . These issues must be resolved before xenotransplantation becomes a clinical possibility.
At present, there are no studies that describe α-gal and PERVs in porcine DM for corneal transplantation. The purpose of this study was to evaluate the safety and feasibility of porcine DM as a carrier for generating tissue-engineered corneal endothelium.
Separation of different sections of the porcine cornea. Corneal epithelia were scraped by a microkeratome. To remove the corneal endothelial cells, each DM was first incubated with 0.02% ethylenediaminetetraacetic acid (EDTA) at 37˚C for 45 min. A cell scraper was used to remove the corneal endothelial cells from the DM (the denuded DM). A 30-gauge needle bent bevel-up was attached to a 1-ml syringe filled with air and was inserted into the posterior stroma with the entry point located just outside of the Schwalbe line. The needle was advanced between the stroma and the DM. Air was gently injected, causing corneal emphysema. The rapidly formed air bubble coalesced into a large bubble (Fig. 1) , thus detaching the DM from the posterior stoma (18) .
Histological examination of porcine and human DMs. For hematoxylin and eosin (H&E) staining, six human and six porcine corneas were fixed in 4% formaldehyde, dehydrated in a series of ethanol solutions and embedded in paraffin. Cross-sections of 4 µm were cut, stained with H&E and examined under a light microscope (dm4000B; Leica, Wetzlar, Germany).
Scanning electron microscopy. The denuded porcine DM was fixed in 2.5% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS), washed three times for 15 min in PBS, postfixed for 2 h in 2% osmium tetroxide and washed three more times in PBS. Following dehydration through a series of graded ethanol solutions (50, 70, 80, 90, 95 and 100%), specimens were transferred to hexamethyldisilazane for 2x10 min and allowed to air dry. When dry, the specimens were mounted on aluminum stubs and sputter-coated with gold prior to examination using a scanning electron microscope (JSM-5600; Jeol, Tokyo, Japan).
Immunohistochemical evaluation of the α-gal epitope. The location of the α-gal epitope in the DM was determined by immunohistochemical staining using paraffin-embedded tissue sections, following the method of Gonzalez-Andrades et al (19) . First, paraffin was removed from the tissue sections with xylene, then the samples were rehydrated in water through a graded series of alcohol solutions (100, 95, 90, 85, 80 and 70%) and washed 3 times with PBS for 5 min. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide (PV-6002, two-step IHC detection reagent; ZSGB-BIO, Beijing, China) for 10 min at room temperature, and the tissue samples were rinsed three times with PBS for 5 min. The tissue samples were treated with a trypsin solution (0.125%) maintained at 37˚C for 45 min for antigen retrieval and then washed three times for 5 min with PBS. The samples were incubated with monoclonal mouse antibody (ALX-801-090-1, clone M86; Alexis Biochemicals, Farmingdale, NY, USA) against the α-gal epitope at a 1:100 dilution at 4˚C overnight. Then, the samples were equilibrated to room temperature. Incubation with secondary antibodies (pv-9002; ZSGB-BIO) was carried out for 45 min using anti-mouse secondary antibodies. After removing the secondary antibody, the slides were washed three times for 5 min with PBS. Next, the slides were treated with DAB (ZSGB-BIO) as the chromogenic agent for 3 min. Finally, the sections were counterstained with hematoxylin and photographed under a light microscope.
DNA extraction. Genomic DNA was extracted from the samples by following the procedure listed in the genomic DNA extraction kit instructions (catalog no. 51304; Qiagen, Hamburg, Germany). The tissues were weighed three times to verify that they were ≤25 mg, as per the kit instructions. Details are shown in Table I . The DNA extractions were repeated three times. Extracted genomic DNA concentrations were determined by a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Polymerase chain reaction (PCR).
In this process, gag, pol and envelope genes env-A, env-B and env-C were selected as the PERV-specific genes. The previously described primer sequences were as follows (20): gag-F (5'-CCC GAT CAG GAG CCC TAT ATC CTT ACG TG-3') and gag-R (5'-CGC AGC GGT AAT ATC GCG ATC TCG T-3') (GenBank: AF038599.1); pol-F (5'-AGC TCC GGG AGG CCT ACT C-3') and pol-R (5'-ACA GCC GTT GGT GTG GTC A-3') (GenBank: Y17013.1) (21); env-A-F (5'-GAG ATG GAA AGA TTG GCA ACA GCG-3') and env-A-R (5'-AGT GAT GTT AGG CTC AGT GGG GAC-3') (GenBank: HQ688785.1); env-B-F (5'-AAT TCT CCT TTG TCA ATT CCG GCC C-3') and env-B-R (5'-CCA GTA CTT TAT CGG GTC CCA CTG-3') (GenBank: AY056035.1); and env-C-F (5'-CTG ACC TGG ATT AGA ACT GGA AGC-3') and env-C-R (5'-GTT ATG TTA GAG GAT GGT CCT GGT C-3') (GenBank: AY534304.1). The housekeeping gene GAPDH was selected as an internal reference gene using the following primers: GAPDH-F (5'-ACA TGG CCT CCA AGG AGT AAG A-3') and GA PDH-R (5'-GAT CGA GTT GGG GCT GTG ACT-3') (AF_017079.1). A PCR kit was used for this procedure (6210A; Takara, Dalian, China Real-time PCR assay for pol gene sequences. The expression levels of pol (pol-F 5'-AGC TCC GGG AGG CCT ACT C-3', pol-R 5'-ACA GCC GTT GGT GTG GTC A-3') (GenBank: Y17013.1) (22) were detected by real-time PCR assays, and a full-thickness cornea was used as a control. The housekeeping gene porcine transferrin receptor (tfrc) (tfrc-F 5'-GAG ACA GAA ACT TTC GAA GC-3' , tfrc-R 5'-GAA GTC TGT GGT ATC CAA TCC-3') (NM_214001.1) (22) was selected as an internal reference gene. This reaction system in a total volume of 20 µl using the SYBR Premix Ex Taq™ kit (DRR420A, Takara) included 10 µl SYBR Premix Ex Taq (2X), 0.4 µl PCR forward primer, 0.4 µl PCR reverse primer, 0.4 µl ROX reference dye II (50X; Takara), 2 µl DNA sample and 6.8 µl dH 2 O. The PCR conditions involved initial denaturation at 95˚C for 30 sec followed by 95˚C for 5 sec and 59˚C for 34 sec. This process was performed with a 7500 Real-Time PCR system (ABI 7500, Applied Biosystems, Grand Island, NY, USA). The assay was performed in triplicate and repeated three times. The results were analyzed using the 2 -∆∆Ct method of Livak and Schmittgen (23) .
Chemical treatment of porcine DM. The porcine DM was chemically stabilized with 5% ethylene glycol diglycidyl ether (EDGE; CAS: 2224-15-9; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) solution in phosphate buffer (pH 7.46). Twenty samples were incubated at 25˚C for 2 weeks. The EDGE solution was changed after 1 and 6 days of fixation. Specimens for molecular analysis were collected after 14 days. All samples were rinsed with sterile physiological saline solution for 15 min to remove residual substances, then they were stored frozen at -80˚C for 24 h until DNA extraction (24) .
Statistical analysis. Statistical analyses were performed using SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, USA). A completely randomized design analysis of variance (ANOVA, one-factor ANOVA) was used to evaluate the test data by the Student-Newman-Keuls and least significant difference tests. Experimental data are expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference. Fig. 2 , the histological examination by H&E staining confirmed that porcine DM was a basal lamina, which was similar to the structure of human DM. The scanning electron microscope examination further revealed that the porcine DM was a tight membrane through the longitudinal section (Fig. 3A) , while no residual corneal endothelial cells were observed on porcine DM following EDTA treatment (Fig. 3B) .
Results

Histological examination. As shown in
Immunohistochemical localization of α-gal epitope in porcine cornea. The localization of the α-gal epitope in the porcine cornea was detected using immunohistochemical staining. The staining of the α-gal epitope in the conjunctiva was used as a positive control, and samples with no primary antibody were used as negative controls. As shown in Fig. 4 , positive immunohistochemical localization of the α-gal epitope in porcine tissues was identified in conjunctiva and stroma cells, but no positive staining was observed in the porcine DM. A PERV expression in porcine DM. The PCR results revealed that PERV sequences of pol, gag, env-A and env-B were expressed in normal porcine DM, but env-C was not detected (Fig. 5 ).
In addition, the expression of PERVs was negative in porcine DM-EDGE (Fig. 6 ). The expression of pol in porcine DM was compared with other corneal tissues using real-time PCR, and no statistical difference was noted (P>0.05). However, comparing the iris and the aqueous humor, the expression of pol was greater in the iris (P<0.01). There were no statistically significant differences among the various parts of the porcine cornea (P>0.05; Fig. 7 ).
Discussion
Endothelial keratoplasty has been increasingly performed in recent years in patients exhibiting endothelial dysfunctions from surgical trauma (5), corneal endothelial diseases (4,25) or age-related pathologies. Therefore, good-quality corneal One of the barriers of corneal endothelial xenotransplantation from pigs to humans has been immunological rejections induced by anti-α-gal antibodies in humans and α-gal epitopes in pigs (26, 27) . α-gal epitopes and their precursors have been identified in all pigs (28) . In our study, immunohistochemical analysis revealed that α-gal epitopes were not expressed in the porcine DM, which is consistent with several previously published studies (29) (30) (31) (32) . Hence, porcine DM may have the potential to act as a carrier of tissue-engineered corneal endothelial cells, avoiding the immunological rejections induced by xenotransplantation α-gal epitopes, and be immunologically accepted by a human host once implanted in vivo. These results suggest that porcine DM may be as safe as xenotransplantation in terms of immunological response. However, the corneal stroma exhibited greater expression of α-gal epitopes in the immunohistochemical study, so the effects of the α-gal epitopes on porcine corneal stroma as a tissue-engineered carrier substitute must be considered.
Aside from the risks associated with graft rejections, cross-species transmission of porcine pathogens, particularly PERVs, is also a concern. In light of their differences in the construction of the env genes and their ability to penetrate cells of various organisms, three subtypes were identified: env-A, env-B and env-C. The sequences of the polymerase genes pol and gag are conserved in env-A, env-B and env-C; thus, they represent the expression of all types of PERVs. It is known that up to 100 integrated proviral copies of PERVs are noted in the pig genome (16, 17, 33) . This number may vary among pig breeds and also within pigs of the same breed (34) (35) (36) (37) (38) .
In studies of other porcine tissues (e.g., liver, heart, kidney and nerve cells) xenotransplanted to humans, no evidence of PERV expression has been detected; in addition, human serum is reported to have a role of inactivation on PERVs (39) (40) (41) (42) . These studies suggest the possibility of porcine DM to act as a carrier of tissue-engineered corneal endothelium.
To reduce the risk of infection with PERVs, certain strategies, including antiretroviral therapy (43) (44) (45) and the use of RNA interference mechanisms (46, 47) have been considered. Moza et al (48) reported in 2001 that complete degradation of PERV DNA was observed following glutaraldehyde (GA) fixation of porcine heart valves, but there were also disadvantages that could induce calcification, inflammation and cytotoxicity. Biological materials treated with epoxy compounds have greater resistance to enzymatic degradation, have reduced cytotoxicity, and are less prone to calcification when compared with GA-fixed heart valves. EDGE is a biofunctional cross-linker with an epoxide structure. Cyganek-Niemiec et al (24) demonstrated that EDGE fixation induces complete degradation of PERV genetic material in porcine aortic heart valves. This study suggests that epoxy compounds may be used in the preparation of bioprosthetic heart valves.
Our PCR results indicated that porcine DM-EDGE could avoid cross-species transmission of PERVs. Thus, it may be possible to increase implantation safety using tissues obtained from pigs. As a result, porcine DM could become an effective xenotransplantation carrier of tissue-engineered endothelium. Previously, it has been reported that anterior chamber-associated immune deviation (ACAID) plays a pivotal role in avoiding herpes simplex virus-1 corneal endotheliitis (49) . We considered whether ACAID might play the same role in preventing the potential risk of PERVs in endothelial keratoplasty. It may be possible to use direct porcine endothelial grafts (including porcine DM and porcine endothelium) as a donor endothelium, thus solving the global endothelial donor shortage. Our next study will test the biological compatibility of porcine DM treated with EDGE and evaluate the risk of PERV transmission in vivo by endothelial keratoplasty in animal models.
In conclusion, our results demonstrate that porcine DM may be a viable carrier of tissue-engineered corneal endothelium in terms of its structural, immunological and etiological characteristics. Porcine DM could solve the shortage of tissue-engineered corneal endothelium and could also be used as a carrier of tissue-engineered materials for other purposes.
